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The cores of active galactic nuclei (AGNs) are among the candidate sources of the IceCube neu-
trinos, but the underlying cosmic-ray acceleration processes are unclear. Based on the standard
disk-corona picture of AGNs, we present a phenomenological model, in which protons are stochas-
tically accelerated by turbulence from the magnetorotational instability. We show that this model
can explain a large diffuse flux of about 30 TeV neutrinos if the cosmic rays carry a few percent of
the coronal thermal energy. We find that the Bethe-Heitler process plays a crucial role in connecting
these neutrinos and cascaded MeV gamma rays, and point out that the gamma-ray flux can be even
enhanced by reacceleration of secondary pairs. Critical tests of the model are given by its prediction
that a significant fraction of the MeV gamma-ray background correlates with the 10 TeV neutrino
background, and nearby Seyfert galaxies should be seen by future MeV gamma-ray telescopes.
I. INTRODUCTION
The origin of cosmic neutrinos observed in IceCube is
a major enigma [1, 2], which has been deepened by the
latest results on high- and medium-energy starting events
and shower events [3–5]. The atmospheric background of
high-energy electron neutrinos is much lower than that of
muon neutrinos, allowing us to investigate the data below
100 TeV [6, 7]. The comparison with the extragalactic
gamma-ray background (EGB) measured by Fermi indi-
cates that the extragalactic neutrino background (ENB)
at 10− 100 TeV energies originates from hidden sources
preventing the escape of GeV-TeV gamma rays [8].
Active galactic nuclei (AGNs) are major contributors
to the energetics of high-energy cosmic radiations [9]; ra-
dio quiet (RQ) AGNs are dominant in the extragalactic
x-ray sky [10–14], and radio loud (RL) AGNs including
blazars give dominant contributions to the EGB [15–17].
AGNs may also explain the MeV gamma-ray background
whose origin has been under debate (e.g., [18–20]).
High-energy neutrino production in the vicinity of su-
permassive black holes (SMBHs) were discussed early
on [21–24], in particular to explain x-ray emission by
cosmic-ray (CR) induced cascades assuming the existence
of high Mach number accretion shocks at the inner edge
of the disk [24–27]. However, cutoff features evident in
the x-ray spectra of Seyfert galaxies and the absence
of electron-positron annihilation lines ruled out the sim-
ple cascade scenario for the x-ray origin (e.g., [28, 29]).
In the standard scenario, the observed x rays are at-
tributed to thermal Comptonization of disk photons [30–
34], and electrons are presumably heated in the coronal
region [35, 36]. There has been significant progress in
our understanding of accretion disks with the identifica-
tion of the magnetorotational instability (MRI) [37, 38],
which can result in the formation of a corona above the
disk as a direct consequence of the accretion dynamics
and magnetic dissipation (e.g., [39–45]).
Turbulence is also important for particle accelera-
tion [46]. The roles of nonthermal particles have been
studied in the context of radiatively inefficient accretion
flows (RIAFs; [47, 48]), in which the plasma is often col-
lisionless because Coulomb collisions are negligible for
protons (e.g., [49–54]). Recent studies based on numeri-
cal simulations of the MRI [55, 56] support the idea that
high-energy ions might be stochastically accelerated by
the ensuing magnetohydrodynamic (MHD) turbulence.
The vicinity of SMBHs is often optically thick to GeV-
TeV gamma rays, where CR acceleration cannot be di-
rectly probed by these photons, but high-energy neutri-
nos can be used as a unique probe of the physics of AGN
cores. In this work, we present a concrete model for their
high-energy emissions (see Fig. 1), in which spectral en-
ergy distributions (SEDs) are constructed from the data
and from empirical relations. We compute neutrino and
gamma-ray spectra, by solving both CR transport equa-
tions with the relevant energy losses and the resulting
electromagnetic cascades of secondaries. We demonstrate
the importance of future MeV gamma-ray observations
for revealing the origin of IceCube neutrinos.
II. PHENOMENOLOGICAL PRESCRIPTION
OF AGN DISK CORONAE
We construct a phenomenological disk-corona model
based on the existing data. SEDs of Seyfert galaxies have
been extensively studied, which consist of several com-
ponents; radio emission (see Ref. [57]), infrared emission
from a dust torus [58], optical and ultraviolet components
from an accretion disk [59], and x rays from a corona [31].
The averaged SEDs are provided in Ref. [60] as a func-
tion of the Eddington ratio, λEdd = Lbol/LEdd, where
Lbol and LEdd are bolometric and Eddington luminosi-
ties, respectively. The well-known “blue” bump is at-
tributed to multicolor blackbody emission from the geo-
2FIG. 1. Schematic picture of the AGN disk-corona scenario.
Protons are accelerated by turbulence generated by the MRI
in coronae, and produce high-energy neutrinos and cascaded
gamma rays via interactions with matter and radiation.
metrically thin, optically thick disk [61]. The spectrum
is expected to have an exponential cutoff at εdisk,cut ≈
2.8kBTdisk, where Tdisk ≈ 0.49(GMM˙/16piσSBR3S)1/4
is the maximum effective temperature of the disk
(e.g., [62]). Here, M is the SMBH mass, M˙ is the mass
accretion rate, and RS = 2GM/c
2 is the Schwarzschild
radius. Assuming a standard disk, we use M˙ ≈
Lbol/(ηradc
2) with a radiative efficiency of ηrad = 0.1.
Although the spectra calculated by Ref. [60] extend to
low energies, we only consider photons with εdisk > 2 eV
because infrared photons would come from a dust torus.
X rays are produced via Compton upscattering by
thermal electrons with Te ∼ 109 K. The spectrum can
be modeled by a power law with an exponential cutoff.
The photon index, ΓX , is correlated with the Edding-
ton ratio as ΓX ≈ 0.167 × log(λEdd) + 2.0 [63]. The
cutoff energy is also given by εX,cut ∼ [−74 log(λEdd) +
1.5× 102] keV [29]. The electron temperature is written
as kBTe ≈ εX,cut/2 for an optically thin corona. Then,
assuming a slab geometry, the Thomson optical depth
is given by τT ≈ 10(2.16−ΓX)/1.06(kBTe/keV)−0.3 [29].
The x-ray luminosity LX is converted into Lbol follow-
ing Ref. [64], and the SMBH mass can be estimated by
M ≈ 2.0 × 107 M⊙ (LX/1.16 × 1043 erg s−1)0.746 [65].
The thus constructed SEDs are shown in Fig. 2.
We expect the disk coronae to be characterized by two
temperatures, i.e., Tp ≫ Te [66, 67] (see Appendix). We
assume that the thermal protons are at the virial tem-
perature, Tp ≈ GMmp/(3RkB), where R = rRS is the
coronal size and r is the normalized radius. The nor-
malized proton temperature is θp = kBTp/(mpc
2) ≈
5.3 × 10−3r−11.5. With the sound speed C2s ≈ kBTp/mp
and Keplerian velocity VK =
√
GM/R, the scale height
is written as H ≈ (Cs/VK)R, leading to a nucleon target
density, np ≈ τT /(σTH). The magnetic field is estimated
by B ≈√8pimpnpkBTp/β, where β is the plasma beta.
We summarize our model parameters in Table I. Note
that most of the physical quantities can be estimated
from the observational correlations. Thus, for a given
FIG. 2. Disk-corona SEDs and CR proton differential lumi-
nosities for LX = 10
42 erg s−1, 1043 erg s−1, 1044 erg s−1,
1045 erg s−1, 1046 erg s−1 (from bottom to top).
TABLE I. Parameters used in this work. Units are [erg s−1]
for LX and Lbol, [M⊙] for M , [cm] for R, [cm
−3] for np, and
[%] for the ratio of the CR pressure to the thermal pressure.
logLX logLbol logM ΓX θe τT logR log np PCR/Pth
42.0 43.0 6.51 1.72 0.27 0.59 13.5 10.73 0.27
43.0 44.2 7.25 1.80 0.23 0.52 14.2 9.93 0.54
44.0 45.4 8.00 1.88 0.20 0.46 15.0 9.13 0.94
45.0 46.6 8.75 1.96 0.16 0.41 15.7 8.33 1.54
46.0 47.9 9.49 2.06 0.12 0.36 16.4 7.53 2.34
LX , β and r are the only remaining parameters. They
are also constrained in a certain range by observa-
tions [68, 69] and numerical simulations [43, 45]. For
example, recent MHD simulations show that β in the
coronae can be as low as 0.1 − 10 (e.g., [39, 44]). We
assume β ∼ 1, and adopt r = 30 throughout this work.
III. STOCHASTIC ACCELERATION AND
SECONDARY PRODUCTION IN CORONAE
For the disk coronae considered here, the infall and
dissipation time scales are estimated to be tfall ≃
2.5 × 106 s R15(αVK/4000 km s−1)−1 and tdiss ≃ 1.8 ×
105 s R15(VK/40000 km s
−1)
−1
β1/2, where α is the vis-
cosity parameter [61]. The electron relaxation time via
Coulomb collisions, tee,rlx ∼ 1.6× 103 s θ3/2e,−0.6τ−1T R15, is
always shorter than tdiss. The proton relaxation time is
much longer, which can ensure two temperature coronae
(see Appendix). These collisionallity arguments imply
that turbulent acceleration is promising for not electrons
but protons (although fast acceleration by small-scale re-
connections might occur [70, 71]). The situation is some-
what analogous to that in RIAFs, for which nonthermal
signatures have been studied (e.g., [72–74]).
We expect that protons are accelerated in the MHD
3turbulence. We compute steady state CR spectra by solv-
ing the following Fokker-Planck equation (e.g., [75–78]),
∂Fp
∂t
=
1
ε2p
∂
∂εp
(
ε2pDεp
∂Fp
∂εp
+
ε3p
tp−cool
Fp
)
− Fp
tesc
+ F˙p,inj,
(1)
where Fp is the CR distribution function, Dεp ≈ ε2p/tacc
is the diffusion coefficient in energy space, t−1p−cool = t
−1
pp +
t−1pγ +t
−1
BH+t
−1
p−syn is the total cooling rate, t
−1
esc = t
−1
fall+t
−1
diff
is the escape rate, and F˙p,inj is the injection function
(see Appendix [79]). The stochastic acceleration time is
given by tacc ≈ η(c/VA)2(R/c)(εp/eBR)2−q, where VA
is the Alfve´n velocity and η is the inverse of the turbu-
lence strength [80, 81]. We adopt q = 5/3, which is con-
sistent with the recent MHD simulations [56], together
with η = 10. Because the dissipation rate in the coronae
is expected to be proportional to LX , we assume that the
injection function linearly scales as LX . To explain the
ENB, the CR pressure required for LX = 10
44 erg s−1
turns out to be ∼ 1% of the thermal pressure, which is
reasonable. We plot εpLεp ≡ 4pi(ε4p/c3)FpV(t−1esc+t−1p−cool)
in Fig. 2, where V is the volume.
While the CRs are accelerated, they interact with
matter and radiation modeled in the previous section,
and produce secondary particles. Following Ref. [82, 83],
we solve the kinetic equations taking into account elec-
tromagnetic cascades. In this work, secondary injections
by the Bethe-Heitler and pγ processes are approx-
imately treated as ε2e(dN˙
BH
e /dεe)|εe=(me/mp)εp ≈
t−1BHε
2
p(dNCR/dεp), ε
2
e(dN˙
pγ
e /dεe)|εe=0.05εp ≈
(1/3)ε2ν(dN˙
pγ
ν /dεν)|εν=0.05εp ≈ (1/8)t−1pγ ε2p(dNCR/dεp),
and ε2γ(dN˙
pγ
γ /dεγ)|εγ=0.1εp ≈ (1/2)t−1pγ ε2p(dNCR/dεp).
The resulting cascade spectra are broad, being deter-
mined by synchrotron and inverse Compton emission.
In general, stochastic acceleration models naturally
predict reacceleration of secondary pairs populated by
cascades [84]. The critical energy of the pairs, εe,cl, is
consistently determined by the balance between the ac-
celeration time tacc and the electron cooling time te−cool.
We find that whether the secondary reacceleration oc-
curs or not is rather sensitive to B and tacc. For ex-
ample, with β = 3 and q = 1.5, the reaccelerated pairs
can upscatter x-ray photons up to ∼ (εe,cl/mec2)2εX ≃
3.4 MeV (εe,cl/30 MeV)
2
(εX/1 keV), which may form a
gamma-ray tail. However, if εe,cl <∼ 1 MeV (for β = 1
and q = 5/3), reacceleration is negligible, and small-scale
turbulence is more likely to be dissipated at high Tp [85].
IV. NEUTRINO BACKGROUND AND MEV
GAMMA-RAY CONNECTION
We calculate neutrino and gamma-ray spectra for dif-
ferent source luminosities, and obtain the EGB and ENB
through Eq. (31) of Ref. [91]. We use the x-ray luminos-
ity function dρX/dLX , given by Ref. [14], taking into
account a factor of 2 enhancement by Compton thick
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FIG. 3. EGB and ENB spectra in our RQ AGN core model.
The data are taken from Swift-BAT [86] (green), Nagoya bal-
loon [87] (blue), SMM [88] (purple), COMPTEL [89] (gray),
Fermi-LAT [90] (orange), and IceCube [5] for shower (black)
and upgoing muon track (blue shaded) events. A possible
contribution of reaccelerated pairs is indicated (thin solid).
AGNs. Results are shown in Fig. 3. Our RQ AGN core
model can explain the ENB at ∼ 30 TeV energies if the
CR pressure is ∼ 1% of the thermal pressure.
In the vicinity of SMBHs, high-energy neutrinos
are produced by both pp and pγ interactions. The
disk-corona model indicates τT ∼ 1 (see Table 1), which
leads to the effective pp optical depth fpp ≈ tesc/tpp ≈
np(κppσpp)R(c/Vfall) ∼ 2τT (αVK/4000 km s−1)−1. Note
that VK is a function ofM (and LX). X-ray photons from
coronae provide target photons for the photomeson pro-
duction, whose effective optical depth [8, 92] is fpγ [εp] ≈
tesc/tpγ ≈ ηpγ σˆpγR(c/Vfall)nX(εp/ε˜pγ−X)ΓX−1 ∼
0.9LX,44R
−1
15 (αVK/4000 km s
−1)
−1
(1 keV/εX)ηpγ(εp/ε˜pγ−X)
ΓX−1,
where ηpγ ≈ 2/(1 + ΓX), σˆpγ ∼ 0.7 × 10−28 cm2
is the attenuation cross section, ε¯∆ ∼ 0.3 GeV,
ε˜pγ−X = 0.5mpc
2ε¯∆/εX ≃ 0.14 PeV (εX/1 keV)−1,
and nX ∼ LX/(4piR2cεX) is used. The total meson
production optical depth is given by fmes = fpγ + fpp,
which always exceeds unity in our model.
Importantly, ∼ 10− 100 TeV neutrinos originate from
CRs with ∼ 0.2− 2 PeV. Different from previous studies
explaining the IceCube data [93, 94], disk photons are
irrelevant for the photomeson production because its
threshold energy is ε˜pγ−th ≃ 3.4 PeV (εdisk/10 eV)−1.
However, CRs in the 0.1-1 PeV range should efficiently
interact with disk photons via the Bethe-Heitler pro-
cess because the characteristic energy is ε˜BH−disk =
0.5mpc
2ε¯BH/εdisk ≃ 0.47 PeV (εdisk/10 eV)−1, where
ε¯BH ∼ 10(2mec2) ∼ 10 MeV [95, 96]. Approximating the
number of disk photons by ndisk ∼ Lbol/(4piR2cεdisk),
the Bethe-Heitler effective optical depth [97] is
estimated to be fBH ≈ ndiskσˆBHR(c/Vfall) ∼
20Lbol,45.3R
−1
15 (αVK/4000 km s
−1)
−1
(10 eV/εdisk),
4where σˆBH ∼ 0.8 × 10−30 cm2. The dominance of the
Bethe-Heitler process is a direct consequence of the
observed disk-corona SEDs, implying that the medium-
energy neutrino flux is suppressed by ∼ fmes/fBH.
The ENB flux is analytically estimated to be
E2νΦν ∼ 10−7 GeV cm−2 s−1 sr−1
(
2K
1 +K
)
ξCRR−1p,0.5
×
(
20fmes
1 + fBH + fmes
)
LX,44
(
ξzρX
10−5 Mpc−3
)
. (2)
where K = 1 and K = 2 for pγ and pp interactions,
respectively, and ξz ∼ 3 represents the redshift evolution
of RQ AGNs. Eq. (2) is consistent with the numerical
results presented in Fig. 3. Here Rp is the conversion
factor from bolometric to differential luminosities, ξCR
is the CR loading parameter defined against the x-ray
luminosity, and PCR/Pth ∼ 0.01 corresponds to ξCR ∼
1 in our model. We find that the ENB and EGB are
dominated by AGNs with LX ∼ 1044 erg s−1, at which
the local number density is ρX ∼ 3× 10−6 Mpc−3 [98].
The pp, pγ and Bethe-Heitler processes all initiate
electromagnetic cascades, whose emission appears in the
MeV range. Thanks to the dominance of the Bethe-
Heitler process, RQ AGNs responsible for the medium-
energy ENB should contribute to >∼ 10 − 30% of the
MeV EGB. Possible reacceleration can enhance the MeV
gamma-ray flux, and the MeV EGB could be explained
if ∼ 0.1% of the pairs is injected into the reacceleration
process. For comparison, models for RL AGNs ([99, 100]
for the EGB and [101] for the ENB) are also shown in
Fig. 3. This demonstrates that in principle the dominant
portions of the EGB and ENB from MeV to PeV energies
can be explained by the combination of RQ AGNs and
RL AGNs. However, we also caution that other possibil-
ities such as starburst galaxies are still viable [102].
V. MULTIMESSENGER TESTS
Detecting MeV signals from individual Seyferts would
be crucial for testing the model, which is challenging for
existing gamma-ray telescopes. However, this would be
feasible with future telescopes like eASTROGAM [103],
GRAMS [107], and AMEGO [104] (see Fig. 4).
For luminous Seyfert galaxies, the fact that x rays come
from thermal Comptonization suggests that the photon
energy density is larger than the magnetic field energy
density. In the scenario to explain 10-100 TeV neutri-
nos, secondary pairs are injected in the 100-300 GeV
range and form a fast cooling ε−2e spectrum down to
MeV energies in the steady state. Thus, in the simple
inverse Compton cascade scenario, the cascade spectrum
is extended up to the break energy due to γγ → e+e−.
In reality, both synchrotron and inverse Compton pro-
cesses can be important. The characteristic frequency
of synchrotron emission by Bethe-Heitler pairs is given
by εBHsyn ∼ 0.8 MeV B2.5(εp/0.5 PeV)2 [83]. Because
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FIG. 4. Point source fluxes of all flavor neutrinos and
gamma rays from a nearby RQ AGN. A possible effect of
secondary reacceleration is indicated (thin solid). For eAS-
TROGAM [103] and AMEGO [104] sensitivities, the observa-
tion time of 106 s is assumed. The IceCube eight-year sensi-
tivity [105] and the 5 times better case [106] are shown.
disk photons lie in the ∼ 1 − 10 eV range, the Klein-
Nishina effect is moderately important at the injection
energies. The synchrotron cascade is dominant if the
photon energy density is smaller than ∼ 10B2/(8pi), i.e.,
B >∼ 200 G L1/2bol,45.3R−115 . In either synchrotron or inverse
Compton cascades, MeV gamma rays are expected.
The ENB and EGB are dominated by AGNs with
LX ∼ 1044 erg s−1. AMEGO’s differential sensitivity
suggests that point sources with d <∼ 150− 400 Mpc are
detectable, and the number of the sources within this
horizon is NAGN ∼ 10−100. Detections or nondetections
of the MeV gamma-ray counterparts will support or fal-
sify the AGN core model as the origin of∼ 30 TeV neutri-
nos. Note that the predicted neutrino flux shown in Fig. 4
is below the current IceCube sensitivity. Nearby Seyferts
may be seen as point sources with IceCube-Gen2, but
stacking analyses are more promising.
VI. SUMMARY AND DISCUSSION
We presented the results of a concrete model for RQ
AGNs which can explain the medium-energy neutrino
data. The disk-corona SEDs have been well studied, and
known empirical relations enabled us to estimate model
parameters, with which we solved the relevant trans-
port equations and computed subsequent cascades con-
sistently. The model is not only motivated from both ob-
servations and theories but it also provides clear predic-
tions. In particular, the dominance of the Bethe-Heitler
process is a direct consequence of the observed SEDs,
leading to a robust MeV gamma-ray connection. Nearby
Seyferts will be promising targets for future MeV gamma-
ray telescopes such as eASTROGAM and AMEGO. A
5good fraction of the MeV EGBmay come from RQ AGNs
especially in the presence of secondary reacceleration, in
which gamma-ray anisotropy searches should be power-
ful tools [108]. Neutrino multiplet and stacking searches
with IceCube-Gen2 are also promising [98].
The suggested tests are crucial for unveiling nonther-
mal phenomena in the vicinity of SMBHs. For low-
luminosity AGNs, where the plasma density is low, direct
acceleration may occur [109] and TeV gamma rays can
escape [110]. However, in Seyferts, the plasma density is
so high that a gap is not expected, and GeV-TeV gamma
rays are blocked. Only MeV gamma rays can escape from
the core region, and neutrinos serve as a smoking gun.
Our results strengthen the importance of further the-
oretical studies of disk-corona systems. Simulations
on turbulent acceleration in coronae and particle-in-cell
computations of acceleration via magnetic reconnections
are encouraged in order to understand the CR accelera-
tion in the disk-corona system. Global MHD simulations
will also be relevant to examine other postulates such as
accretion shocks [24, 25, 111, 112] or colliding blobs [113]
and to reveal the origin of low-frequency emission that
could come from the outer region of coronae [114, 115].
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11. Time Scales for Thermal Particles
To accelerate particles through stochastic acceleration
in turbulence, the Coulomb relaxation time scales of par-
ticles at their injection energy should be longer than the
dissipation time scale. Also, in order to form the two-
temperature corona that is often discussed in the liter-
ature (e.g., [66, 67]), the dissipation time scale should
be shorter than the proton-electron relaxation time. We
discuss these plasma time scales in this subsection. The
infall time scale is expected to be similar to that of the
advection dominated accretion flow [47, 48]:
tfall ≈ R
αVK
, (S1)
where α is the viscous parameter in the accretion
flow [61]. Assuming that the dissipation in the corona
is related to some magnetic process like reconnections,
the dissipation time scale can be expressed as
tdiss ≈ H
VA
≈ R
VK
√
β
2
. (S2)
The relaxation times for electrons and protons are esti-
mated to be [49, 52]
tee,rlx ≈ 4
√
piθ
3/2
e
npσT c ln Λ
, (S3)
tpp,rlx ≈ 4
√
piθ
3/2
p
npσT c lnΛ
(
mp
me
)2
, (S4)
tpe,rlx ≈
√
pi
2
(θp + θe)
3/2
npσT c ln Λ
(
mp
me
)
, (S5)
where θi = kBTi/(mic
2) (i = p or e), ln Λ ∼ 20 is
the Coulomb logarithm, and we may consider a proton-
electron plasma [29]. We plot these time scales as a func-
tion of LX in Fig. S1 for β = 1 and α = 0.1. We see
that among the five time scales tee,rlx and tpp,rlx are the
shortest and longest, respectively. This means that elec-
trons are easily thermalized while nonthermal protons
are naturally expected and could be accelerated through
stochastic acceleration. Also, because tdiss <∼ tpe,rlx is
satisfied for the range of our interest, one may expect
the two-temperature corona to be formed.
2. Time Scales for High-Energy Protons
Nonthermal proton spectra are determined by the bal-
ance among the acceleration, cooling, and escape pro-
cesses. We consider stochastic acceleration by turbu-
lence, and take account of infall and diffusion as escape
processes. We also treat inelastic pp collisions, photome-
son production, Bethe-Heitler pair production, and syn-
chrotron radiation as cooling processes.
The stochastic acceleration is modeled as a diffusion
phenomenon in momentum or energy space (e.g., [53, 55,
56]. Assuming gyro-resonant scattering through the tur-
bulence with a power spectrum of Pk ∝ k−q, the acceler-
ation time is written as [73, 76, 80, 81, 84]
tacc ≈ η
(
VA
c
)−2
R
c
(eBR)
q−2
ε2−qp , (S6)
where η−1 = 8pi
∫
Pkdk/B
2
0 is the turbulence strength
parameter and VA = B/
√
4pimpnp is the Alfve´n veloc-
ity. The infall time is given by Eq. (S1). Using the same
scattering process for the stochastic acceleration, the dif-
fusive escape time is estimated to be [73, 76, 80]
tdiff ≈ 9R
cη
(eBR)
2−q
εq−2p . (S7)
The cooling rate by pp inelastic collisions is estimated to
be
t−1pp ≈ npκppσppc, (S8)
where σpp and κpp ≈ 0.5 are the cross section and inelas-
ticity for pp interactions, as implemented in Refs. [82, 83].
The photomeson production energy loss rate is calculated
by
t−1pγ ≈
c
2γ2p
∫ ∞
εth
dεγσpγκpγεγ
∫ ∞
εγ/(2γp)
dεγε
−2
γ
dnγ
dεγ
, (S9)
where γp = εp/(mpc
2) is the proton Lorentz factor,
εth ≈ 145 MeV is the threshold energy for the photome-
son production, εγ is the photon energy in the proton
rest frame, σpγ and κpγ are the cross section and in-
elasticity, respectively, and the normalization is given by∫
dεγεγ(dnγ/dεγ) ≈ (1 + τT )Lbol/(2piR2c). We utilize
the fitting formula based on GEANT4 for σpγ and κpγ ,
which are used in Ref. [92]. The Bethe-Heitler cooling
rate is written in the same form of Eq. (S9) by replac-
ing the cross section and inelasticity with σBH and κBH,
respectively, where we use the fitting formula given in
Refs. [95] and [96]. Finally, the synchrotron time scale
for protons is given by
tp,syn ≈
6pim4pc
3
m2eσTB
2εp
. (S10)
We plot the times scales in Fig. S2 with a parameter
set of r = 30, β = 1, α = 0.1, η = 10, and q = 5/3.
We can see that particle acceleration is limited by inter-
actions with photons except for LX = 10
42 erg s−1. For
the lowest-luminosity case, the photomeson production,
the Bethe-Heitler process, the pp reaction, and the diffu-
sive escape rates are comparable to the acceleration rate
around 106 GeV, while the Bethe-Heitler process hinders
the acceleration for the other cases at ∼ 105 − 106 GeV
due to a softer spectrum for a higher-luminosity Seyfert
galaxy that has a lower maximum energy due to its larger
photon number density.
2FIG. S1. The infall time and Coulomb relaxation time scales
as a function of LX .
3. Spectra of Nonthermal Protons
To obtain the spectrum of nonthermal protons, we
solve the Fokker-Planck equation given in Eq. (1) using
the Chang-Cooper method [77, 78]. The resulting spec-
tra are shown in Fig. 2. We tabulate the critical energy
for protons, εp,cl, at which the acceleration balances with
loss processes in Table S1. For a lower value of LX , the
critical energy is higher owing to their lower loss rates.
We consider two cases, which give similar proton spectra.
The dissipation rate in the coronae is expected to be
proportional to LX , so we may write the injection func-
tion as,
F˙p,inj =
finjLX
4piε3injpiR
3
δ(εp − εinj), (S11)
where εinj is the injection energy and finj is the injection
fraction. The values of εinj and finj do not affect the
resulting spectral shape as long as εinj ≪ εp,cl. For ex-
ample, if we use εinj = 1.5mpc
2, the resulting spectrum is
shown in Fig. 2 corresponds to finj = 5×10−8. Note that
finj is larger as εinj is higher. For εinj < εp ≪ εp,cl, the
stochastic acceleration mechanism predicts a very hard
spectrum, dNCR/dεp ∝ ε1−qp .
For LX >∼ 1043 erg s−1, owing to the inefficient es-
cape processes, the accelerated particles pile up around
εp ∼ εp,cut, which creates a hardening feature around
εp ∼ 0.1εp,cl and a strong cutoff above εp ∼ 2εp,cl. Note
that in our model the energy density of these nonthermal
protons are much lower than that of the thermal protons:
PCR/Pth is of the order of 10
−2 for all the cases, where
PCR =
∫
dεp(dnCR/dεp)εp/3 and Pth ≈ npkBTp. Hence,
these nonthermal protons do not affect the dynamical
structure [52].
TABLE S1. Physical quantities related to nonthermal parti-
cles for a given LX .
w.o. secondary reacceleration
logLX [erg s
−1] log tfall [s] εp,cl [TeV] εe,cl [MeV] B [kG]
42.0 4.87 200 < 1 3.4
43.0 5.61 150 < 1 1.3
44.0 6.36 120 < 1 0.53
45.0 7.11 84 < 1 0.21
46.0 7.85 60 < 1 0.085
w. secondary reacceleration
logLX [erg s
−1] log tfall [s] εp,cl [TeV] εe,cl [MeV] B [kG]
42.0 4.87 370 22 1.9
43.0 5.61 260 21 0.77
44.0 6.36 200 16 0.31
45.0 7.11 140 11 0.12
46.0 7.85 100 6 0.049
4. Time Scales for High-Energy Pairs
Even if primary electrons are not accelerated through
the turbulence due to their efficient Coulomb losses,
electron-positron pairs injected via hadronic processes
and populated via electromagnetic cascades processes
can be accelerated to higher energies without suffering
from Coulomb losses [84]. Such high-energy pairs may
rapidly cool down by synchrotron and inverse Compton
emissions. In Seyferts, the energy of the dominant tar-
get photons for inverse Compton scatterings is around
1−10 eV, implying that the Klein-Nishina effect is unim-
portant at εe <∼ 100 − 300 GeV. If the secondary pairs
can be accelerated by the turbulence, the acceleration
and cooling is expected to balance at the critical energy,
εe,cl, and this effect is relevant if εe,cl is higher than the
energy of the thermal protons. The time scale of the reac-
celeration by the turbulence is given by Eq. (S6) above
the thermal energy of protons, kBTp ∼ 5r1.5 MeV. Below
this energy, the turbulent power spectrum should become
steeper due to kinetic effects [85], and the reacceleration
time is considerably longer than that by Eq. (S6).
The synchrotron cooling time scale is
te,sync ≈ 6pimec
σTB2γe
, (S12)
where γe = εe/(mec
2) is the electron Lorentz factor.
Then, the inverse Compton cooling time in the Thom-
son limit is estimated to be
tIC ≈ 3mec
4σTUγγe
, (S13)
where Uγ is the target photon energy density. Note that
the Klein-Nishina effect is taken into account in the cal-
culations of photon spectra presented in the main text.
We plot the time scales for high-energy pairs in Fig. S3,
where thin and thick lines are for the cases with and
without reacceleration, respectively. For the case with-
out reacceleration, εe,cl < 1 MeV. When this energy is
3FIG. S2. Comparison of time scales for high-energy protons in the cases with LX = 10
42 erg s−1 (top), 1044 erg s−1 (middle),
and 1046 erg s−1 (bottom).
FIG. S3. Comparison of time scales for high-energy electrons and positrons in the cases with LX = 10
42 erg s−1 (left),
1044 erg s−1 (middle), and 1046 erg s−1 (right).
lower than the thermal energy of protons,the waves are
expected to be dissipated, and the stochastic accelera-
tion of electrons is unlikely in all the range of LX . For
the case with reacceleration, the electrons can be main-
tained with energies between 6− 22 MeV, depending on
LX (see Table S1). For LX = 10
42 erg s−1, the syn-
chrotron cooling is more likely to be important, while
for LX >∼ 1043 erg s−1, the inverse Compton cooling is
dominant. The critical electron energy, εe,cl, at which
the cooling and reacceleration balance with each other
is lower for a higher value of LX due to the efficient
inverse Compton cooling. When the critical energy is
higher than the thermal proton temperature, the reac-
celeration can occur.
